Objective: To evaluate the incidence and characteristics of unusual twinning by using single nucleotide polymorphism (SNP) array to identify twin zygosity.
| INTRODUCTION
Multiple pregnancies are a major public health concern worldwide due to the significantly high morbidity and mortality rates for both mothers and infants. 1, 2 An accurate twin zygosity diagnosis is not only important for postnatal and lifelong healthcare 3 but also critical in the prenatal period, such as the decision regarding fetal reduction when chorionicity remains unconvincing. Indeed, monozygosity (MZ) may be a risk factor for congenital anomalies, growth restriction, and perinatal death, [4] [5] [6] and accurate zygosity determination could help elucidate the etiology of MZ twinning. Hence, accurately determining twin zygosity is essential in the prenatal period.
However, existing zygosity diagnosis methods, which are based on factors such as twin sex or chorionicity, are not always available in some unusual twinning situations, [7] [8] [9] such as MZ twin pairs of different genders or monochorionic dizygotic (MCDZ) twin pairs. [10] [11] [12] Single nucleotide polymorphisms (SNPs), a type of genetic marker, offer some advantages in the field of forensic identification. 13 Single nucleotide polymorphisms array, containing thousands or millions of SNP markers, is a valuable tool for evaluating fetal chromosomal copy number variations (CNVs) and uniparental disomy (UPD) via invasive prenatal diagnosis, especially in fetuses with normal karyotypes and abnormal ultrasound findings. 14 However, little is known about the additional benefits of SNP array in zygosity diagnosis.
Therefore, other than analyzing CNVs and UPD, we aimed to assess the additional benefits of SNP array in zygosity determination in 386 multifetal pregnancies for prenatal or postnatal diagnosis and to evaluate the incidence and characteristics of unusual twinning in spontaneous pregnancies and pregnancies due to assisted reproductive technology (ART).
| MATERIALS AND METHODS

| Perinatal samples
This study was a retrospective twin study of patients who were referred to the First Affiliated Hospital of Sun Yat-Sen University for prenatal or postnatal diagnosis from January 2013 to June 2017. Of 522 twin pairs who underwent invasive prenatal or postnatal diagnosis, 136 twin pairs were excluded, including 131 twin pairs with only 1 fetus who underwent SNP array and 5 cases for whom SNP array results could not be obtained due to insufficient samples. Finally, we included 386 twin pairs, including 100 twin pairs that were reduced to singletons ( Figure SS1 ).
Of the twins in our study, dual amniocentesis was performed in 350 twin pairs from each amniotic cavity at 16 to 26 weeks of gestation, and cordocentesis was performed in 34 twin pairs after more than 26 weeks of gestation. Before each procedure, a detailed ultrasound evaluation was performed that distinguished the 2 fetuses, including fetal biometry, a thorough anatomical survey, the position and sex of each fetus, the number and location of each placenta and the presence, and location and characteristics of the dividing membrane (chorionicity and amnionicity). Amniocentesis or cordocentesis was performed in 2 fetuses aseptically with 2 different puncture needles under transabdominal real-time ultrasound guidance. Two twin samples were collected in the postnatal period from the peripheral blood or buccal mucosa.
The gestational week was calculated from the crown-rump length of the larger twin by using the equation of Robinson and Fleming. 15 The diagnosis of chorionicity was based on the 11 to 13 + 6-week sonographic findings (a single placental site with a lambda sign or 2 placental sites for dichorionicity and a T sign with a single placental site for monochorionicity), 16 and zygosity was confirmed by using genomewide high-resolution SNP arrays (Affymetrix CytoScan HD, USA).
We collected information regarding twin outcomes. If the infants were born in our hospital, we checked the placentas carefully after delivery to confirm chorionicity. Otherwise, chorionicity was rechecked during the postnatal period by obtaining the information via telephone follow-up.
| SNP array
Genomic DNA was extracted (from 10 mL of amniotic fluid or 0.5 mL of fetal blood, peripheral blood, or buccal mucosa) by using the Qiagen Mini Kit (Qiagen, Germany) according to the manufacturer's protocol.
Genome-wide high-resolution SNP array containing both 750,000
SNPs and 2,600,000 oligonucleotide probes was performed on a CytoScan HD platform (Affymetrix Inc., Santa Clara, CA, USA). Procedures were performed following the manufacturer's protocols (Affymetrix Inc., Santa Clara, CA, USA).
| Zygosity analysis
The Chromosome Analysis Suite (ChAS 3.1, Affymetrix Inc., Santa Clara, CA, USA) software was used to analyze the raw data. We used 
| Statistical analysis
The statistical data analysis was performed by using the statistical software package SPSS version 22.0 (SPSS Inc., Chicago, IL, USA), and the significance threshold was set at 0.05.
| Ethics
The First Affiliated Hospital of Sun Yat-Sen University clinical research and experimental animal ethics committee has provided exemption for informed consent for the retrospective study of medical records obtained from previous clinical diagnosis and treatment.
3 | RESULTS
| Characteristics and outcomes of twin pregnancies
The indications for invasive prenatal diagnosis of the 386 twin pairs in our study included the following (Table S1) What's already known about this topic?
• SNP array is a valuable tool for evaluating fetal chromosomal copy number variations (CNVs) and uniparental disomy (UPD) via invasive diagnosis.
Zygosity may be judged by chorionicity, sex, and number of embryos transferred.
What does this study add?
• SNP array can provide zygosity diagnosis. Twin (Table S2) . Figure 2 ).
| Incidence of MZ and DZ twins
| Characteristics of MCDZ
Interestingly, among the 24 MC cases conceived by ART, we found that 3 (3/24, 12.50%) twin pairs were DZ (MCDZ), while no MCDZ cases were found in spontaneous pregnancies ( Figure 2 ). The characteristics of the 3 MCDZ twin pairs are shown in Table 1 In picture (A), the percent-mat-MIEs (Mendelian inheritance errors) of all the chromosomes were greater than zero, which revealed the different SNP alleles between the 2 fetuses; therefore, this twin pair was diagnosed as dizygotic twins. In contrast, picture (B) shows that the percent-mat-MIEs of all the chromosomes were zero, which revealed that the SNP alleles were nearly identical between the 2 fetuses; therefore, this twin pair was diagnosed as monozygotic twins 
| DISCUSSION
Based on a zygosity diagnosis by SNP array, we found that twin pregnancies conceived by ART might be at risk of unusual twinning events, such as MCDZ, discordant karyotypes in MZ, DZ after SET, and DCMZ with vascular anastomoses after day-5 transfer. We should pay more attention to precise zygosity diagnosis and these special twinning events in the prenatal period.
According to the recent literature, the frequency of MZ is 29.00% of twin pregnancies. 8 Verstraelen et al revealed MZ:DZ twinning ratios of 4.8:95.2 among medically conceived twins and 46.2:53.8 in a naturalconception group. 17 Furthermore, through a short tandem repeat analysis, Yang et al showed rates of MZ of 6.25% in an ART group and 72.00% in twins conceived naturally. 7 Our results showed a significantly higher MZ rate in twins conceived by ART (11.36%). The main causes of the high MZ incidence in our study are summarized below. First, MZ twins had higher risks of structural defects or other abnormalities that necessitated SNP arrays for invasive prenatal or postpartum diagnosis.
Second, the SNP typing used in this study could determine twin zygosity, especially MZ twin pairs with dichorionic placentas, with consistent or inconsistent sex, which were previously regarded as DZ.
Zygosity might be misdiagnosed by methods based on chorionicity. Monochorionic in multiple pregnancies has been commonly associated with MZ pregnancies, and DC is associated with both MZ and DZ pregnancies. However, in our study, we found that 3 twin pairs (12.50%) among 24 MC ART twins were MCDZ. Because zygosity diagnosis is not a universal test in twin pregnancy, the knowledge about the prevalence of MCDZ is still limited, and only several case reports have been published in the past. 10, 11 Monochorionic dizygotic twin pregnancies might be closely related to ART.
11,18-20
The discussing findings from the publication of Miura and Niikawa 21 suggested that ART techniques could change the cell surface and increase the chance of embryo fusion. The use of fertilized eggs that have developed beyond the 3-day stage is another factor that promotes embryo fusion. Our results reveal that MCDZ is not as rare as previously thought, and zygosity determination should be considered as a general examination in cases of MC ART twins.
The MCDZ twins had placental vascular anastomoses that might develop into MC complications such as twin-twin transfusion syndrome, and MCDZ also leads to blood chimerism. 20, 22 In 90.30% of the MCDZ twin pairs, blood chimerism was noticeable. However, among the sex-discordant MCDZ twins, the incidence of 1 of the twins with a genital anomaly was 15.40%, and this anomaly was mainly caused by blood chimerism. 23 Of the ART twin pairs with MC placentas, if 2 or more embryos were transferred or if blood chimerism or a fetal genital anomaly was evident, we needed to be alerted to the occurrence of MCDZ, and a precise zygosity diagnosis by SNP array was necessary to identify these cases. 1/10 to 1/5 twins born after SET were the result of concurrent natural conceptions. In our study, 1 SET (1/4, 25%) twin pair were DCDZ, and 7.77% of the twin pairs due to the transfer of 2 or more embryos were MZ. Therefore, we might offer consideration to general zygosity diagnosis among SET twin pairs.
Our results also revealed 1 DCMZ case that developed from a blastocyst (day 5), which challenges the long-held assertion that embryo division after day 3 of embryonic life necessarily leads to the formation of MCMZ twins. Although recent rare case reports also described the occurrence of DCMZ twins identified during the blastocyst stages, 30, 31 the precise diagnosis of DCMZ twinning by SNP typing is essential to clarify the association between the placental configuration and developmental stages of the embryo among MZ twins.
Additionally, we also found an artery-to-artery vascular anastomosis in the placental examination of this DCMZ twin pair due to the transfer of 2 day-5 blastocysts. Traditionally, vascular anastomoses in placentas are an important prognostic factor for the outcome of multiple pregnancies, which has been described in cases of MC placentas. However, vascular anastomoses have rarely been discovered suggested that vascular anastomoses in the placenta might have important implications for the "vanishing twin" phenomenon and could convert a dichorionic twin pregnancy to a singleton pregnancy, which has rarely been observed in placentas after delivery. However, abnormal findings such as discordant amniotic fluid volumes, 33 structure defects, and blood chimerism 34 may indicate vascular connections in dichorionic twin placentas. Therefore, when 1 of 2 fetuses have structural defects, discordant amniotic fluid volumes, or blood chimerism, 34 we suggest that accurate twin zygosity diagnosis be performed before selective reduction and that vascular anastomoses should be considered in dichorionic placentas.
One limitation of our study is that this was a retrospective singlecenter cohort, and the twins mainly comprised fetuses who underwent invasive prenatal diagnoses. Further investigations using multicentre cohorts need to be conducted that included normal twin pregnancies and that further evaluate the clinical significance of corrective medical strategies for twin gestations based on an accurate zygosity and chorionicity diagnosis.
In conclusion, SNP array can provide zygosity diagnosis in addition to CNV and UPD detection. Universal zygosity screening is recommended in ART twins referred for prenatal diagnosis, especially in MC twins or SET twin pairs because ART presents a risk of unusual twinning. In selective reduction of dichorionic twins, such as the one case with structural defects in our study, vascular anastomoses should be considered among MZ fetuses.
